Introduction: baculovirus as gene therapy vectors
=================================================

Gene therapy provides potential treatment options for many diseases difficult to treat by conventional means. Viral vectors have been utilized in gene therapy interventions to introduce therapeutic genes into patient's cells through *ex vivo* or *in vivo* methods. Recombinant baculoviral vectors derived from the insect baculovirus (BV) *Autographa californica* multiple nucleopolyhedrovirus (*Ac*MNPV), when equipped with a mammalian expression cassette, are highly effective in mediating transient transgene expression in human cells.^[@bib1],[@bib2]^ The high transduction efficiency provided by BV vectors in noninsect cells was initially reported in hepatocytes and has since been demonstrated in a broad range of cell types that include most mammalian cell lines, primary cells, adult and embryonic stem cells, and those that are difficult to transduce by other viral vectors.^[@bib3; @bib4; @bib5; @bib6]^

BVs are enveloped viruses with a circular double-stranded DNA genome commonly found in nature. As a biopesticide, the occluded *Heliothis zea* BV does not cause any side effects including inflammation and allergy as demonstrated in feeding tests with volunteer human subjects.^[@bib7]^ Animal studies with recombinant *Bombyx mori* BVs also noted no obvious toxicity after subcutaneous injection.^[@bib8]^ Even at relatively high titers, BVs do not have obvious cytopathic effects on the transduced cell and remain nonintegrating, hence limiting the risk of genotoxicity caused by insertional mutagenesis.^[@bib3]^ Unlike conventionally-used human viral vectors such as adenovirus, retrovirus and adeno-associated virus, BVs are inherently incapable of replicating in human cells and there is no detectable pre-existing immunity to BV in humans.^[@bib9; @bib10; @bib11]^ From a bioprocessing perspective, BV vectors are easy to manipulate genetically, have a large cloning capacity (allowing at least 38 kbp of inserts), and can be readily produced in serum-free culture medium and purified at high titers in Biosafety Level 1 laboratories. In comparison, adenoviruses are highly immunogenic leading to strong immune responses that result in significant toxicity and limit readministration of the vector;^[@bib12]^ adeno-associated viruses have a small packaging capacity (only up to 4.5 kbp);^[@bib13]^ and retroviral vectors have a significant risk of insertional mutagenesis leading to aberrant transformations.^[@bib14]^ For these reasons, recombinant BVs are attractive as novel gene therapy vectors, especially suited for short-term and high-level transgene expression.^[@bib1; @bib2; @bib3],[@bib15]^

Although BV vectors have yet to reach clinical stage, preclinical animal and *ex vivo* studies using human cells have demonstrated the feasibility of BV-mediated gene transfer in several gene therapy applications including vaccination, tissue engineering/regenerative medicine, and cancer therapy. BV vectors have been shown to be effective as vaccine carriers in mice and nonhuman primates, through expression of antigens and/or surface display of exogenous peptides fused with BV envelop proteins, to induce both humoral and cellular immune responses for prevention or treatment of human/animal infectious diseases including malaria, influenza, and rabies.^[@bib16; @bib17; @bib18; @bib19]^ Recent findings of bone healing with adipose-derived stem cells genetically modified with BV vectors to express various growth factors in animal studies demonstrate the great potential of BV gene therapy in tissue engineering.^[@bib20; @bib21; @bib22; @bib23; @bib24]^ BV transduction-based approaches have also been explored for cancer treatment, involving expression of suicide genes, tumor suppressors, or other antitumor genes in target tumor cells.^[@bib25; @bib26; @bib27; @bib28; @bib29; @bib30]^ BVs loaded with immunopotentiating genes are able to elicit strong host immunity against malignancies of the lungs, prostate, bladder, and brain. In a recent bladder cancer mouse study, we observed strong immunopotentiation and increased survival following intravesical instillation of BV vectors expressing cytokines, CD40 ligand and IL-15, into mice bearing established orthotopic bladder tumors.^[@bib31],[@bib32]^ These encouraging results in animal studies accentuate the promise of BV vectors for gene therapy clinical applications.

To use BV vectors for human gene therapy, the development of robust, reliable, and scalable production processes for the vectors is crucial. This review discusses the current knowledge on the manufacturability of *Ac*MNPV BV vectors for clinical use.

Upstream processes to produce baculoviral vectors for clinical use
==================================================================

Production of master cell bank
------------------------------

An overview of the manufacturing process of clinical-grade recombinant *Ac*MNPV BVs for gene therapy is depicted in [Figure 1](#fig1){ref-type="fig"}. The first step in the manufacturing process is the setting up of insect cell banks---master/working cell banks (MCB/WCB)---to be used for amplifying the virus. Ideally, the chosen cells for banking should be easily expanded, capable of consistent and continuous propagation, competent in producing high titers of transduction-capable BV vectors, and free of endogenous viruses and adventitious contaminants.

The cell lines Sf21 and its sub-clone Sf9, derived from *Spodoptera frugiperda*, and High Five, derived from *Trichoplusia ni*, have been widely used for the production of *Ac*MNPV BV vectors and recombinant proteins for both research and manufacturing.^[@bib33; @bib34; @bib35]^ They exhibit rapid growth rates, tolerance to shear stress, and robust production of budded *Ac*MNPV BVs and recombinant proteins over several passages in suspension culture with serum-free medium.^[@bib35; @bib36; @bib37]^ Sf9 cells are capable of producing greater numbers of infectious BVs in total than High Five cells (100-fold greater),^[@bib38]^ in part due to the higher cell densities achieved by Sf9 cultures.^[@bib36],[@bib38],[@bib39]^ Both High Five and Sf9 cell lines have gained regulatory acceptance for manufacturing of BV-based clinical biologics, *e.g.*, Cervarix and Flublok respectively. Furthermore, since most studies on BV-based gene transfer into mammalian cells utilized *Ac*MNPV vectors that were produced in Sf9 cells, Sf9 remains the choice cell line for *Ac*MNPV BV production.^[@bib3],[@bib28],[@bib29]^

A major safety issue concerning insect cells is the presence of insect viruses.^[@bib40]^ High Five cells were found to be latently infected with an alphanodavirus,^[@bib41]^ whereas Sf9 (and Sf21) cells were recently discovered to be infected with a novel rhabdovirus, Sf-rhabdovirus.^[@bib42]^ While these insect-specific viruses do not appear to replicate in mammalian cells, much is still unknown about their safety profile and their presence may hinder regulatory approval of Sf9 or High Five cells for manufacturing of BV vectors for gene therapy. Therefore, there is need to establish virus-free insect cell lines or remove these contaminating viruses from BV products in downstream processes. An alphanodavirus-free cell line QB-CL-B has been derived from High Five cells and displays similar BV and protein productivities with High Five, and may potentially be used for scaled-up BV production.^[@bib43]^ Thus far no Sf-rhabdovirus-free Sf9 cell line exists.

Cell banking should be carried out according to the standards of current good manufacturing practices (cGMP) delineated by the European Medicines Agency (EMA) or the US Food and Drug Administration (FDA).^[@bib44],[@bib45]^ Several of these guidelines are listed in a review by Lesch *et al*.^[@bib46]^ The purpose of cell banking is to provide assurance that the integrity and quality of the virus packaging cells remain consistent for batch-to-batch virus production. Establishing an MCB involves full characterization of the cells. Information about the identity, origin, karyotype, isoenzyme profile, morphology, growth profile, and BV productivity of the chosen insect cells should be documented. Sterility tests must be performed to demonstrate that the cells are free from adventitious contamination such as bacteria, fungi, mycoplasma, spiroplasma, and relevant human and animal viruses. Additionally, the level of endogenous insect-specific viruses, such as Sf-rhabdovirus in Sf9 cells and alphanodavirus in High Five cells, should be assessed.

Production of master virus seed stock
-------------------------------------

Setting up a master virus seed stock (MVSS) is essential for quality assurance of the starting material for manufacturing a clinical virus product. A BV MVSS is manufactured from a starting recombinant BV stock that has been well characterized. There are several methods to construct recombinant *Ac*MNPV genomes, namely transposition-based methods (*e.g.*, Bac-to-Bac system) and homologous recombination methods (*e.g.*, BacPAK and flashBAC systems).^[@bib47],[@bib48]^ Clinical-grade *Ac*MNPV vectors are preferably synthesized with homologous recombination methods as the resultant BV genome will not contain residual antibiotic resistance marker and bacterial sequences.^[@bib47; @bib48; @bib49; @bib50]^

An MVSS is prepared by amplifying the starting BV stock in cells from the MCB/WCB using a low multiplicity of infection (MOI) under cGMP conditions.^[@bib46]^ MVSS preparation involves full characterization of the recombinant *Ac*MNPV vector, providing information on its origin and construction, verifying the integrity of the virus genome and transgene(s) via sequencing or polymerase chain reaction (PCR) analysis, and performing assays to demonstrate purity, sterility, safety, potency, and long-term stability.^[@bib44],[@bib51]^ Similar to MCB preparation, MVSSs must be free from adventitious contaminants. Insect-specific viruses (*e.g.*, Sf-rhabdovirus or alphanodavirus) relevant to the BV producer cells should also be quantified in the MVSS by quantitative real-time PCR (qPCR). Some methods to determine the infectivity (infectious titer) and potency of MVSSs are highlighted below under the section "Quality control and characterization of *Ac*MNPV baculovirus vectors". BVs produced in serum-free medium remain stable at or below −80 °C for at least 300 days and is a feasible format for storage of MVSSs as crude virus stocks.^[@bib52]^

Large-scale cGMP production strategies
--------------------------------------

When contemplating the production of *Ac*MNPV vectors for clinical use, it is crucial to have robust, yet cost-effective, cGMP-compliant manufacturing processes at industrial scale. Suspension cultures are preferred for large-scale production and several factors that affect BV yield in suspension culture include cell density at infection, MOI, dissolved oxygen, hydrodynamic forces, pH, temperature, and the time of harvest. Generally for effective BV vector expansion in Sf9 cell cultures, cells are infected at starting densities of 1--3 × 10^6^ cells/ml with a low MOI (0.01--1 pfu/cell).^[@bib53]^ Using a low MOI minimizes the formation of defective interfering particles, which compromise the quality of the virus product.^[@bib54],[@bib55]^ Infected Sf9 cells are cultivated at 27--28 °C with pH kept between 6.0--6.5; oscillating the culture temperature between 24 to 28 °C at a 12-hour period is able to increase BV yield.^[@bib56]^ Harvesting of the budded BVs is typically carried out about 3 days postinfection with cell viability above 50%. The above-mentioned parameters may require monitoring and optimization according to the insect cell line and culturing system used. Methods for on-line monitoring of the growth status of BV-infected cultures are available.^[@bib57],[@bib58]^

Large-scale expansion of *Ac*MNPV vectors is best performed in batch mode as host insect cells lyse during BV infection, and because defective interfering BVs accumulate and productivity decreases with extended passaging of BVs.^[@bib59]^ Serum-free, animal component-free culture medium is preferred for cGMP manufacturing of BV vectors to minimize the risk of adventitious contamination and to eliminate the need to remove serum impurities during downstream processing; the review article by Aucoin *et al*.^[@bib34]^ lists several commercially available media. For medium-scale production, a simple setup of Fernbach flask cultures in shaker incubators (at 100--120 rpm) can easily produce up to 10 l of BV supernatant per batch, and with titers above 2 × 10^8^ pfu/ml routinely being achieved (unpublished data), which translates to over a hundred 10^10^-pfu doses---the average human equivalent dose estimated from various gene therapy studies in mice.^[@bib29]^ Nevertheless, at larger volumes, this approach becomes labor-intensive and inefficient. Bioreactor systems, such as the stirred tank, airlift, packed-bed and wave bioreactors, are more suited for large-scale production of up to several hundred liters of *Ac*MNPV BV (reviewed in Contreras-Gómez *et al*. 2014).^[@bib60; @bib61; @bib62]^

Downstream processing: clarification, concentration, purification, and formulation
==================================================================================

For the production of clinical-grade BV vectors, downstream processing (DSP) is essential to remove impurities and insect cell materials from a crude viral product. As BV-mediated gene therapy is still in its nascent stage, there is a lack of established DSP protocols to achieve large-scale processing of BV vectors and satisfy regulatory demands. Notwithstanding, there is growing focus on DSP of BV vectors for clinical use. The main factors to consider in DSP include efficiency, robustness, scalability, and cost-effectiveness. Since DSP typically constitutes up to 70% of the overall production cost, there is need for cost-effective strategies capable of generating sufficient quantity of high-quality/purity BV products within a reasonably short time.^[@bib63]^

Clarification
-------------

Clarification, the first step in DSP, involves removing cell debris and aggregates from crude BV supernatant while retaining the quality/quantity of the BV product.^[@bib64]^ As the budded form of BV is harvested, lysing of cells prior to clarification is not necessary. Low-speed centrifugation (batch or continuous) and membrane microfiltration are two approaches commonly used to clarify BV supernatant. Centrifugation is the gold standard for cell sedimentation in the clarification process, with continuous flow centrifugation as the main method for industrial-scale processing (capable of processing up to 100 l/hour).^[@bib65]^ However, the centrifugation setup requires high upfront costs. Alternatively, membrane microfiltration, specifically depth and tangential flow filtration, provides a cheaper option that can be easily scaled up for cGMP production.^[@bib64]^ Depth-filters are available in a range of pore sizes (0.1--10 µm) and in disposable format, which eliminates cleaning/sterilization procedures.^[@bib63]^ They have been shown to be effective for clarifying BV vectors.^[@bib66]^ Microfiltration may also be performed in tangential flow mode using a 0.22-µm retention pore membrane unit, albeit membrane fouling and shear-induced cell lysis may pose a problem.^[@bib64],[@bib67]^

Concentration
-------------

Concentration is an essential step to obtain high-titer virus stocks necessary for human gene therapy and to reduce bulk volume to ease handling, storage, and transport. Sucrose gradient ultracentrifugation is commonly used to concentrate and purify small volumes of BV vectors, but it is time and labor intensive, limited in scalability and suffers from low recovery of BV (usually no greater than 50%), hence is not adopted for large-scale processing.^[@bib68]^ We instead tested a high-speed centrifugation method (adapted from ref. [@bib69]) to concentrate larger amounts of BV supernatant. By centrifugation of 1-l samples of BV vectors at 15,900 g (JLA8.1 rotor; Beckman) for 1 hour 20 minutes, we could easily achieve 50-fold concentration with an overall recovery of 56.6% ([Table 1](#tbl1){ref-type="table"}). About 24% of infectious BV was not pelleted down and an estimated 20% was lost probably due to viral particle aggregation. Essentially, up to 6 l can be processed per cycle---sufficient for medium-scale production.

Ultrafiltration via tangential flow filtration (TFF) has also been used to concentrate BV vectors, reportedly achieving at least sixfold concentration with 70% recovery yield.^[@bib66]^ The TFF method employs membranes with molecular weight cut-off between 100--1,000 kDa for concentrating BV and involves size-based separation where the larger BV particles are retained by the membrane in the retentate while smaller impurities flow through as permeate, thus purifying and concentrating the virus solution concurrently.^[@bib34],[@bib70],[@bib71]^ By incorporating diafiltration into the TFF approach, buffer exchange can also be performed to replace the existing solvent/solution in the feed suspension with a desired buffer to aid further processing and final formulation.^[@bib72]^ TFF is an attractive method for cGMP processing of viral products as it is highly scalable, allows processing of greater volumes in shorter times than centrifugation methods, and uses disposable membranes and materials ([Table 2](#tbl2){ref-type="table"}).^[@bib71]^

Purification and polishing
--------------------------

Purification of enveloped *Ac*MNPV BV particles is particularly challenging due to their fragile nature. Some approaches used for BV purification include the concentration methods discussed above (centrifugation and TFF) and size-exclusion chromatography to remove impurities according to size or molecular weight.^[@bib73]^ However, these methods are ineffective in removing contaminants with similar size and molecular weight to BV, such as the insect-specific virus Sf-rhabdovirus.^[@bib42]^ Further purification and polishing of concentrated BV are mainly carried out using other chromatography-based techniques (reviewed by Nestola *et al*.^[@bib63]^), particularly ion-exchange chromatography. Ion-exchange membrane chromatography provides a scalable and improved alternative to conventional column-based ion-exchange chromatography. Both cation and anion ion-exchange membrane chromatography have been used to purify BV yielding recoveries of 65--78%.^[@bib66],[@bib74]^ A 30-fold concentration of infective BV was also achieved with cation ion-exchange membrane chromatography using a Mustang S membrane (Pall),^[@bib74]^ however, in our preliminary tests, this method was ineffective in removing Sf-rhabdovirus from the BV stock (unpublished data). Another scalable method of ion-exchange chromatography uses monoliths, a type of highly porous materials that allow high flow rate while providing a large adsorption area for efficient virus capture.^[@bib75]^ At least 87% recovery with 52-fold enrichment of infective BV can be achieved using anion-exchange monolith.^[@bib76]^ A desalting step after purification via ion-exchange chromatography may be required to reduce the salt content of the purified BV for clinical administration.^[@bib66]^

A comparison of these purification methods is presented in [Table 2](#tbl2){ref-type="table"}. Different combinations of the various methods for clarification, concentration, and purification may be used to achieve the required quality of final BV products for a specified application without compromising on yield.

Formulation and storage
-----------------------

It is crucial that BV products are kept stable from the time of final formulation to administration in patients. Conditions such as pH, salt concentration, temperature, and light-exposure are important parameters that affect the stability of BVs. *Ac*MNPV BVs are best stored in the dark at −80 °C (or lower), with salt concentration between 0.1--0.75 M and pH above 5.8 to minimize virus aggregation and loss of infectivity.^[@bib52],[@bib77]^ Moreover, for human gene therapy applications, the final BV product has to be formulated in a solution that is safe for patient use, such as phosphate-buffered saline. Jorio *et al*.^[@bib52]^ reported that BVs were stable in phosphate-buffered saline supplemented with cryoprotectants such as sucrose (0.25 M), glycerol (2.5%) or dimethyl sulfoxide (2.5%) at −80 °C or in liquid nitrogen for at least 20 days. We further tested and observed that the infectivity of BVs stored at titers greater than 10^10^ pfu/ml in phosphate-buffered saline supplemented with less cryoprotective glycerol (1% instead of 2.5%) was preserved for at least 4 weeks at −80 °C and was not significantly affected by an additional round of freeze-thawing ([Figure 2](#fig2){ref-type="fig"}). There is still need to examine longer-term storage under these conditions.

Quality control and characterization of *Ac*MNPV baculovirus vectors
====================================================================

In the production of clinical grade biologics, several process parameters need to be tightly controlled for reproducibility and quality assurance. Fast and accurate analytical methods are needed to monitor and optimize the production process to maximize output while satisfying the demands of regulatory authorities. The final gene therapy product has to undergo detailed characterization to assess purity, quantity, and potency prior to clinical testing and commercialization. While existing methods to assess the quality of BV-based therapeutics are focused on products derived from the insect cell/BV system rather than BV vector as the final product, as highlighted in a recent review,^[@bib78]^ most are still applicable for BV gene therapy vectors, although additional tests are needed to further evaluate safety and potency.

Purity
------

At present, there is a paucity of specific guidelines pertaining to testing the quality of BV vectors for gene therapy, since none has been approved for clinical trial. However, the general guidelines published by FDA^[@bib79]^ or EMA^[@bib51],[@bib80]^ are still applicable to BV vectors. According to EMA, a final viral vector product must be characterized for identity, purity, potency, and safety for three successive batches to determine production consistency.^[@bib80]^ Some analytical methods that have been used to characterize BV vectors include PCR and sequencing of viral genome and expression cassette to verify the identity of BV vectors; Southern blotting to assess the integrity and homogeneity of the BV genome;^[@bib81]^ SDS-PAGE and western blot analysis for BV-specific proteins, *e.g.*, gp64, to determine qualitatively the purity of the BV product;^[@bib78]^ transmission electron microscopy and dynamic light scattering to examine morphology and size of the viral particles.^[@bib66]^

Information about the purity of a final product is invariably linked to safety. As with MVSS preparation, BV products for clinical use need to undergo sterility tests to validate the absence of adventitious agents.^[@bib44],[@bib82]^ Total DNA/protein and the residual insect-cell-specific DNA/protein content should be assayed using validated methods to establish an upper limit on the acceptable level of impurities. Enzyme-linked immunosorbent assay (ELISA) kits to quantify Sf9 cell proteins are available commercially (*e.g.*, SF9 HCP ELISA kit, Cygnus Technologies). The level of endotoxin in the final product must also be quantified (via *Limulus amoebocyte* lysate test). Other tests for extraneous agents may be required depending on the raw materials used during production. For instance, using Sf9 cells for BV expansion necessitates detection (via qPCR) of Sf-rhabdovirus in the final product. Attention must be paid to the possible types of contaminants present at each step of the production pipeline and the extent to which they can/must be removed in order to account for the purity of the final product.

Quantification
--------------

Virus quantification is a crucial aspect of characterizing the *Ac*MNPV BV product as the virus titer will determine the volume of each treatment dose and has bearing on product potency and purity. Moreover, with MOI being a critical parameter affecting BV yield and quality, accurate and reliable estimation of BV titer is necessary for consistency in production.^[@bib83],[@bib84]^ There is a wide array of BV titration methods, broadly classified as infectious assays that estimate infectious titer, and viral particle assays that measure the total viral particles.

Conventional infectious assays include the plaque formation and end-point dilution assays.^[@bib85]^ However, these assays are time-consuming (require 4--7 days of incubation), laborious and could be variable depending on the incubation conditions and skill of the operator. Other infectious assays such as the alamarBlue and cell size assays offer faster detection but suffer from similar variabilities and involve complex procedures for titer estimation.^[@bib86; @bib87; @bib88]^ Flow cytometric methods have recently been developed to estimate infectious titer from changes to the side scatter of viable cells upon BV infection, and provides fast detection (within 48 hours) with improved accuracy and reliability.^[@bib89]^ Importantly, since different insect cell lines display varying susceptibility to BV infection,^[@bib38]^ the same cell line should be used for infectious assays performed during manufacturing and when quantifying the final product to provide a consistent standard for comparison.

Viral particle assays quantify total viral particles without discriminating between infectious and noninfectious particles; hence, they typically overestimate the functional virus titer and might confound efficacy studies. Nevertheless, they are mostly fast, highly-specific, and simple to execute. The most common of such assays is qPCR. The method detects the number of BV genomes, regardless from fully-formed viruses or not, using primers corresponding to BV-specific genes, such as gp64 gene.^[@bib90]^ BV particles can also be quantified via flow cytometric assays following labeling of viral DNA or envelop proteins with fluorescent-conjugated antibodies or dyes.^[@bib91],[@bib92]^

Based on the comprehensive evaluation of various BV titration methods by Roldão *et al*.,^[@bib88]^ it is recommended that two or more titration assays be used to quantify a BV product for clinical use. It is also practical to determine the ratio of total to infectious particles (TP/IP) as it functions as an indicator of both product potency and efficiency of the production process.^[@bib78]^

Potency
-------

Apart from determining virus titer and infectivity, the transduction efficiency of the therapeutic BV vector has to be assessed in human cells that are as close as possible to the target tissue or cells to fully characterize its potency.^[@bib78]^ The functional expression/activity of the therapeutic gene(s) should be quantified by biochemical and immunochemical assays specific to the gene product(s). The limits of acceptable potency should be determined and any loss of potency during storage should be assessed to help specify the validity period of the final product.

The main bugbear in assessing the quality of a BV product is the lack of a well-characterized BV reference material, which makes validating the QC assays and determining the minimum quality standard for clinical-grade product difficult. Currently, there are efforts to define and characterize a reference material for *Ac*MNPV BV vectors.^[@bib93]^ This, together with improving QC methods, would provide greater assurance that product safety, efficacy and stability are consistent from batch to batch, and thus facilitate obtaining regulatory approval for *Ac*MNPV gene therapy products.

Towards gene therapy trials and future prospects
================================================

Before the first clinical trials can begin, sufficient preclinical studies are required to demonstrate safety of the BV therapy. The FDA and EMA provide guidelines for such studies.^[@bib51],[@bib94],[@bib95]^ Several *Ac*MNPV BV biodistribution studies in animals have been performed that contribute to the growing compendium of safety information regarding *in vivo* administration of *Ac*MNPV vectors, and are useful towards gaining approval for gene therapy clinical trials.^[@bib96],[@bib97]^ Although humans have no pre-existing immunity against BVs, readministration of BV vectors may elicit immune responses that inadvertently affect efficacy and safety of the BV gene therapy. This warrants further investigation into the antigenic properties of BV vectors, especially in repeated dosing studies; the information obtained can advise treatment regimens and guide further development of BV therapies.

Although there is greater attention on BV as a product and significant progress has been made in the production and processing of the budded vectors, challenges still remain for large-scale manufacturing. Towards improving BV production, mathematical models have been developed to predict the optimal conditions for scaled-up BV synthesis.^[@bib34]^ Moreover, insect cell lines can be modified to enhance their BV production efficiency. As an example, exogenous expression of RNAi suppressor P19 in Sf9 cells significantly increased BV production.^[@bib98]^ This highlights the potential utility of establishing a P19-expressing Sf9 cell line for BV manufacturing. An approach to improve virus purification is via surface modification of BV. The surface display of a small biotin acceptor peptide on BV allowed biotinylation and, subsequently, improved affinity purification of the surface-modified BV.^[@bib99]^

The rapid inactivation of BV by serum complement, though protects against BV infection, severely restricts its use for *in vivo* gene delivery to within immune-privileged tissues, such as the brain and testes.^[@bib100]^ Generating BVs that display complement-inhibiting proteins, such as decay-accelerating factor, on the envelop surface which resist complement attack may overcome this limitation.^[@bib101]^ Other modifications of the BV surface can also improve the transduction efficiency and target specificity of the virus vector.^[@bib102],[@bib103]^ Nevertheless, the safety of such modifications would have to be evaluated.

In conclusion, with the obvious advantages of BV for gene therapy, the existence of FDA-approved BV-produced vaccines like Flublok, recent solid developments in BV vector production and processing technologies, and integrated efforts towards establishing quality control methods and standards for BV products, the realization of BV-based gene therapy in the clinic within the next 5 to 10 years is a plausible expectation.
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![Flow chart of the manufacturing process of baculovirus for clinical gene therapy including existing bottlenecks.](mtm201550-f1){#fig1}

![Stability of concentrated baculovirus in phosphate-buffered saline with 1% glycerol after storage in −80 °C. Infectious titers were determined by plaque assay for concentrated baculovirus samples in 1% glycerol-phosphate-buffered saline prior to freezing (prefreezing), after storage for 3 weeks at −80 °C (3 weeks postfreezing), and after subsequent refreezing and storing for an additional week at −80 °C (4 weeks post freezing with additional freeze-thaw). Data are presented as mean ± standard deviation of triplicate determinations.](mtm201550-f2){#fig2}

###### Recovery of BV after concentration by centrifugation at 15,900 g for 1 hour 20 minutes^[a](#t1-fn1){ref-type="fn"}^

                                                                *Volume (ml)*   *Infectious titer (pfu/ml)*   *Total infectious particles (pfu)*   *Recovery (%)*
  ------------------------------------------------------------ --------------- ----------------------------- ------------------------------------ ----------------
  BV supernatant                                                     950                 3.80E+08                          3.61E+11                     100
  Concentrated BV (resuspended in phosphate-buffered saline)         9.5                 2.15E+10                          2.04E+11                     56.6
  Remaining supernatant postcentrifugation                           950                 8.95E+07                          8.50E+10                     23.6

BV, baculovirus.

BV titers were determined by plaque assays. Results shown are means of triplicate determinations.

###### Methods for purification of BV vectors

  *Method*                                                                                                                                                      *Details*                                                                                                                                                                                                                                                                                                         *Key advantage(s)*                                                                                                                                                                                                                                                                                                         *Drawback(s)*                                                                                                                       *Reported recovery of infectious particles*             *References*
  ---------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------- ----------------------------------
  Tangential flow ultrafiltration                                                                    Size-based separation using membranes with molecular weight cut-off between 100--1,000 kDa • Average flow rate of 25 l/m^2^/hour                                                                                                                                                                                                  Scalable • Available in multiuse, disposable format • At least sixfold virus concentration is achievable                                                                                                                                                               • Complicated procedures • Susceptible to membrane fouling and clogging • Time-consuming clean-in-place and equilibration procedures • Difficulty separating BV from contaminants of similar molecular size                                            70%                                   [@bib66]
  Sucrose gradient ultracentrifugation                                                                                               Centrifugation at speeds ≥ 80,000 g • Process up to 1.5 l/cycle                                                                                                                                                                                                                     • High resolution of separation, hence able to achieve high purity • Combines concentration and purification in single unit operation                                                                                                                           • High cost of equipment • Time-consuming and laborious • Scalability limited by rotor capacity • Causes irreversible viral particle aggregation • Tedious pellet resuspension • Difficulty separating BV from contaminants of similar molecular size                       50%                              [@bib34],[@bib68]
  High-speed batch centrifugation                                                                                                          Centrifugation at 15,900 g • Process up to 6 l/cycle                                                                                                                                                                                                                                  • Simple procedure • Greater processing capacity than ultracentrifugation • 50-fold virus concentration is achievable                                                                                                                                                  • High cost of equipment • Scalability limited by rotor capacity • Causes irreversible viral particle aggregation • Tedious pellet resuspension • Difficulty separating BV from contaminants of similar molecular size                                       57%                       Reported in this review.[@bib69]
  Ion-exchange membrane chromatography      Separation based on net surface charge. Typically employs polyethersulfone membranes. • Using cation (sulphone or carboxymethanol) or anion (DEAE or quaternary ammonium) exchangers • Maximum flow rate of 25 l/minute with a 5-l bed volume unit   • Scalable and eliminates the need for column packing • Available in multi-use, disposable format • High flow rates are achievable; fast processing time • Relatively low operational cost • Adsorption selectivity of BVs over contaminants based on charge • Negligible diffusional mass transfer resistance • Less shear stress on BVs • 30-fold virus concentration is achievable                                                                                                      • Susceptible to membrane fouling and clogging                                                                                                             Anionic: 65%; cationic: 68--78%                [@bib66],[@bib74]
  Monolithic ion-exchange chromatography                                         Separation based on net surface charge. Interconnected network of channels with huge diameter ≥ 1,000 nm • Maximum flow rate of 10 l/minute with an 8-l bed volume unit                                                                                                               • Offers the advantages of ion-exchange membrane chromatography Additional benefits: • High porosity and large adsorption area enhance viral binding capacity • High resolution of separation • 52-fold virus concentration is achievable                                                                                                                                                                              • Susceptible to lipid fouling and clogging                                                                                                                            87%                                   [@bib76]
  Size-exclusion Chromatography                                                                                                                   Bead-based porous matrix in a column.                                                                                                                                                                                                                                                                                        • Less shear stress on BV                                                                                                                                                                                                • Nonscalable due to column packing issues • Product is diluted in the process • Time-consuming clean-in-place procedures • Low processing speed • Difficulty separating BV from contaminants of similar molecular size                                      24%                                   [@bib73]

BV, baculovirus; DEAE, diethylaminoethanol.
